Glucose-6-phosphate dehydrogenase (G6PD) deficiency is a well-characterized X-linked inherited disorder in humans but has not been reported in horses. We describe a persistent hemolytic anemia and hyperbilirubinemia due to a severe G6PD deficiency in an American Saddlebred colt. Other abnormalities in the colt's erythrocytes as compared with those of healthy horses ( n = 22-35) included increased activities of hexokinase and pyruvate kinase, decreased concentrations of reduced glutathione and reduced nicotinamide adenine dinucleotide phosphate (NADP), and increased concentration of oxidized NADP. Morphologic abnormalities included eccentrocytosis, pyknocytosis, anisocytosis, macrocytosis, and increased number of Howell-Jolly bodies. Scanning and transmission electron microscopic examinations revealed that eccentrocytes had contracted to spherical regions and thin collapsed regions. Eccentrocytes were more electron dense than were normal erythrocytes when examined by transmission electron microscopy. When exposed to acetylphenylhydrazine, erythrocytes from the G6PD-deficient colt produced more and smaller Heinz bodies than did erythrocytes from normal horses. Abnormalities in the colt's dam included presence of eccentrocytes and pyknocytes; her average erythrocyte G6PD activity was slightly below the range of reference values.
Glucose-6-phosphate dehydrogenase (G6PD) is the the deficiency. The mutant mouse strain was produced first and the rate-limiting enzyme of the hexose mono-from male mice treated with ethylnitrosourea. Inphosphate shunt, which produces reduced nicotin-creased splenic weight was reported in hemizygous amide adenine dinucleotide phosphate (NADPH). In males but other hematologic abnormalities were not erythrocytes, NADPH is used to keep glutathione in a found. The manifestations of G6PD deficiency in rats reduced state and catalase in an active form. Both re-were not determined because the strain was lost to an duced glutathione (GSH) and catalase protect eryth-infectious disease. rocytes from oxidative insults.
We identified an American Saddlebred colt with a As determined by biochemical methods, there are severe erythrocyte deficiency in G6PD activity (class over 400 variants of G6PD described in humans, and 1). This is the first report of a G6PD deficiency that there are more known mutants of G6PD than of any produced a persistent hemolytic anemia in an animal other enzyme of h~m a n s .~.~J~ Sequencing of DNA in other than humans. recent years has shown that some of these described A 6-month-old male American Saddlebred horse had variants have the same mutation and thus are not really an anemia of unknown origin. The dam's colostrum different.5z6 Also, not all G6PD variants are character-was withheld from this colt at birth because the mare's ized by deficient enzyme activity. A World Health Or-colt in the previous year had a lethal neonatal hemoganization (WHO) classification groups the human lytic disorder thought to be neonatal isoerythrolysis. variants into five classes: class 1 -nonspherocytic he-This colt's hematocrit was 0.32 at birth and decreased molytic anemia; class 2-severe enzyme deficiency to 0.20 by the third day. The colt responded to a whole (< 10% of normal); class 3 -moderate deficiency (1 0blood transfusion and was allowed to nurse until wean-60% of normal); class 4-very mild or no deficiency ing. (60-100% of normal); class 5-increased enzyme ac-When the colt was examined at 6 months of age, it tivity (>twice had three edematous legs, distal leg dermatitis involv-Class 3 deficiencies of G6PD (using WHO criteria) ing all four legs, mild fever, and macrocytic anemia have been recognized in a dog,50 a mutant strain of ( Table 1 : 12/16/91). The dermatitis was thought to be m i~e , '~.~~ and highly inbred rats. 53 The G6PD-deficient related to inadequate husbandry. Treatment included dog was one of 3,300 dogs screened for the defect, and cleaning affected legs and oral trimethoprim/sulfathere were no clinical abnormalities associated with methoxazole. The colt was transported to a training stable with a recommendation to continue treatments but also to pursue the anemia's cause. A veterinarian for the new stable submitted blood for analysis. Laboratory analyses showed the presence of a macrocytic normochromic anemia ( Table 1 : 12/23/9 1) with anisocytosis, eccentrocytosis, and pyknocytosis ( Fig.  1) ; leukogram results and platelet concentration were within reference limits. Heinz bodies were not found when fresh blood was stained with new methylene blue (NMB). There was no known exposure to oxidants other than the oral sulfamethoxazole; treatment with the antibiotic compound was stopped.
During the next 10 days, the dermatologic disorder responded well to mild daily cleaning. Abdominal ultrasonography demonstrated a mildly enlarged spleen. A screening test for G6PD activity indicated the colt's blood was G6PD deficient, whereas blood samples from two healthy horses produced fluorescence indicating G6PD activity. Quantitative G6PD assays were used to confirm the diagnosis of G6PD deficiency causing hemolytic anemia with eccentrocytosis and pyknocytosis.
Materials and Methods

Blood samples
Samples for complete blood cell counts and routine Heinz body staining were collected with tripotassium ethylenediaminetetraacetate (EDTA) anticoagulant and analyzed the same day. Samples for quantitative erythrocyte enzyme assays and nicotinamide adenine dinucleotide phosphate (NADP) assays were collected with EDTA, kept near 4 C, and shipped the same day via overnight carrier to the Uni-analyzed each time that samples from the G6PD-deficient colt and his dam were assayed. Heparinized blood was used for the acetylphenylhydrazine challenge test. Serum samples for serum biochemical assays were analyzed the day of collection.
Complete blood cell counts
An impedance cell counter (Coulter S-Plus 4, Coulter Electronics, Hialeah, FL; modified for optimal counting of domestic animal erythrocytes) was used for cell counting, measurement of hemoglobin concentration, and determination of erythrocyte indices; calculated hematocrit values were confirmed by centrifuged microhematocrit determinations. Manual leukocyte differential counts and microscopic examination of blood cells were completed on stained blood films (Hema-tek@ stain, Miles, Diagnostics Division, Elkhart, IN). versity of Florida for analysis. Blood extracts for adenosine triphosphate (ATP), 2,3-diphosphoglycerate (2,3-DPG), and GSH assays were prepared from EDTA blood rapidly after sample collection, immediately frozen (-70 C), and shipped with dry ice via overnight carrier. Blood samples from nor-ma1 control horses were collected, processed, shipped, and 
Heinz bodies and reticulocytes
Near equal volumes of fresh EDTA blood and NMB stain (new methylene blue "N", Ricca Chemical Co., Arlington, TX) were mixed. After 10 minutes, smears were made, allowed to air dry, and examined microscopically for Heinz bodies and reticulocytes.
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
Erythrocytes in EDTA blood were fixed with 2% paraformaldehyde-2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) for 2 hours at 4 C. After primary fixation, specimens were washed thoroughly with buffer and postfixed with aqueous 1% osmium tetroxide for 2 hours at 4 C. For SEM samples, erythrocytes were placed on poly-L-lysine-coated glass cover slips, dehydrated in a graded ethanol series, and critical point dried. Specimens were then mounted on aluminum stubs with copper foil tape and sputter coated with gold. For TEM samples, erythrocytes were suspended in 2% water agar, which was cut into 1 mm cubes. Subsequently, specimens were stained en bloc with aqueous 1% uranyl acetate for 1 hour, dehydrated in a graded ethanol series, and embedded in a mixture of Epon-Araldite epoxy resin. Ultrathin sections were cut with a diamond knife and stained with uranyl acetate and lead citrate.
Serum chemical assays
Serum concentrations of glucose, urea, creatinine, sodium, potassium, chloride, total protein, albumin, calcium, inorganic phosphorus, bilirubin (total, conjugated, unconjugated, and delta), and total carbon dioxide were measured with commercial assays in an automated chemistry unit (Kodaka Ektachem @ 500, Eastman Kodak, Rochester, NY). Serum activities of aspartate transaminase, alkaline phosphatase, y-glutamyl transferase, and creatine kinase were determined with kinetic assays from the same manufacturer.
G6PD assays
A fluorescent spot test (G6PD Deficiency Screen, Sigma Chemical, St. Louis, MO) was initially used to pursue the G6PD deficiency in the colt. Control samples included a commercial human control solution (G6PD Control Normal; Sigma Chemical) and blood from two healthy adult horses. Quantitative G6PD activity was measured spectrophotometrically (DU-4 Spectrophotometer, Beckman Instruments, Fullerton, CA) at 37 C in hemolysates prepared following the removal of leukocytes by filtration through microcrystalline cellulose and alpha-cellulose columns.* The G6PD activity was measured by both the WHO and the Glock and McLean methods.2 In the WHO method, some of the measured G6PD activity is due to 6-phosphogluconate dehydrogenase (6PGD) activity. With the Glock and McLean method, the apparent G6PD activity is corrected by subtracting the contribution of 6PGD activity.
Other erythrocyte assays
Erythrocyte hexokinase (HK), phosphofructokinase (PFK), pyruvate kinase (PK), catalase, and 6PGD activities were also measured at 37 C in hemolysates prepared following the removal of leukocytes.2 Erythrocyte 2,3-DPG and ATP concentrations were measured spectrophotometrically using trichloroacetic acid-precipitated extracts (Kits 35-UV and 366-UV, Sigma Chemical). Total NADP,55 NADPH,55 and GSH44 were extracted, and concentrations were measured spectrophotometrically using established methods. Methemoglobin concentrations were determined in distilled water hemolysates. 30
Acetylphenylhydrazine challenge (Heinz body) test
The sensitivity of erythrocytes to form Heinz bodies after exposure to an oxidant was assessed via an in vitro acetylphenylhydrazine challenge test.' Heparinized blood samples from the G6PD-deficient colt, his dam, and two nonrelated horses were evaluated. The number of Heinz bodies in each of 200 erythrocytes was determined by microscopic examination of erythrocytes prior to and after exposure to acetylphenylhydrazine. Erythrocytes were stained with methyl violet. Any cell that contained Heinz bodies that were too small and numerous to be counted reliably was classified as a stippled cell.
Results
Complete blood cell counts
The G6PD-deficient colt's anemia was most severe (hematocrit = 0.11 literdliter) when the colt had a distal leg dermatitis. As the dermatologic condition improved, the colt's hematocrit values increased and then fluctuated between 0.19 and 0.26 literslliter (X = 0.22 literdliter) during the next 15 months while the colt was clinically healthy. Eccentrocytosis, pyknocytosis, anisocytosis, macrocytosis, and increased number of Howell-Jolly bodies persisted throughout the evaluation. Heinz bodies and reticulocytes were not found in NMB-stained smears. The increased staining density of eccentrocytes was similar to the density of pyknocytes in both Romanowsky-and NMB-stained blood films. Rare erythrocytes contained rectangular hemoglobin crystals. Abnormalities were not found in the colt's leukograms or platelet concentrations.
Complete blood counts for the colt's dam were consistently within normal limits, except for rare eccentrocytes and pyknocytes.
Electron microscopy
When examined by SEM, eccentrocytes had two major features: a contracted to spheroid region with either a rugose or smooth surface and a thin collapsed region frequently with or without projections or fragments (Figs. [2] [3] [4] . Pyknocytes were identified as contracted spherocytic cells with projections ( Fig. 5 ) in contrast to a normal equine discocyte ( Fig. 6 ). Echinocytic change was present in many cells and was considered to be artifact. Via TEM, cross sections of eccentrocytes showed projections that corresponded with the thin, collapsed regions seen via SEM ( Fig. 7) . Compared with normal erythrocytes, eccentrocytes were uniformly more electron dense, and they consistently had a slightly darker concentric line about 0.1 pm in width and 0.2 pm from the cell margin. No other abnormalities were detected.
Serum chemical assays
The colt had a persistent hyperbilirubinemia throughout the evaluation; most of the serum bilirubin was unconjugated (Table 1) . During the first 20 months of evaluation, the bilirubin concentrations ranged as follows: total = 49.6-1 26.5 pmol/liter; conjugated = 0.0-10.3 pmol/liter, unconjugated = 49.6-126.5 pmoU liter; 6 = 0.0-13.7 pmol/liter. Serum alkaline phosphatase activity was about three to four times the upper limit value found in healthy adult horses, but values were considered normal for a young growing horse. Serum concentrations and activities of the other common measured analytes were all within normal limits throughout the evaluation.
G6PD activity
Blood of the G6PD-deficient colt did not fluoresce in the fluorescent spot test, whereas blood of two healthy horses and a normal human control solution did. As determined by the WHO method, the colt's average 
Other erythrocyte enzymes and intermediate metabolites
Erythrocytic HK, PK, PFK, 6PGD, catalase, GSH, ATP, 2,3-DPG, reduced NADP (NADPH), total NADP (sum of NADP+ and NADPH concentrations), and NADPH ratio values for the patient, the patient's dam, and normal horses are reported in Table 2 . The NADPH/total NADP ratio was markedly reduced in the G6PD-deficient colt because the NADPH concentration was extremely low (<0.3 pmol/liter). The colt's methemoglobin concentration was 2.1 Yo of total hemoglobin concentration in one sample but 50.4% in three other samples; values found in normal horses were 50.4% of total hemoglobin concentration (n = 22).
Acetylphenylhydrazine challenge (Heinz body) test
After exposure to acetylphenylhydrazine, nearly all erythrocytes from the G6PD-deficient colt contained more than 20 tiny Heinz bodies, and many were classified as stippled cells (Figs. 8, 10 ). In the normal horses, erythrocytes most commonly had < 10 distinct Heinz bodies, and stippled cells were very uncommon ( Figs. 9, 10 ). Results for the colt's dam were very similar to those of normal horses, except about 7% of her erythrocytes were stippled cells. Heinz bodies were not found in erythrocytes from the G6PD-deficient colt, his dam, or the two normal horses before exposure to acetylphen ylh ydrazine.
Discussion
Glucose-6-phosphate dehydrogenase catalyzes the first reaction in the hexose monophosphate (or pentose) shunt, which produces NADPH, the major source of reducing equivalents used to protect erythrocytes from oxidative injury. Low levels of hydrogen peroxide (H202) are produced by normal cellular events, and higher levels may be generated by exogenously administered oxidative compounds. 13, 38, 45 Hydrogen peroxide is catabolized by either catalase or the glutathione reductase/peroxidase pathway, and NADPH is believed to be essential in maintaining the activity of both of these NADPH is utilized to reduce oxidized glutathione to GSH, the substrate for the glutathione peroxidase reaction, and it is bound to catalase, preventing and reversing the accumulation of compound 11, an inactive form of catalase that is generated when catalase is exposed to H,02. 35 The increased sensitivity of G6PD-deficient erythrocytes to oxidants has long been believed to result from the inability of these cells to maintain adequate concentration of GSH. More recent studies have questioned the central role of GSH in the defense against ~xidants.'~ It appears (at least with H202-generating systems) that it is NADPH, not GSH, that modulates the oxidant sensitivity of G6PD-deficient e r y t h r o~y t e s .~~,~~
The NADPH/total NADP ratio in erythrocytes from this deficient colt was even lower than those reported in erythrocytes from G6PD-deficient human pat i e n t~, '~,~~,~~ probably because the amount of residual enzyme activity appears to be lower in this colt than in human patients
The altered ratio was not believed to be the result of the 1-day delay before analysis because the ratio of reduced total nucleotide has been shown to be remarkably stable in human blood when stored for 24 hours at 4 C. 55 In addition, the ratios of reduced to total nucleotide concentrations measured in control horse samples (shipped with freezer packs along with the colt's samples) were not different from those measured in fresh horse blood collected at the University of Florida. As in human patient^,'^,^^ the NADP+ and total NADP concentrations were increased in erythrocytes from this colt. The inability to maintain NADP in the reduced form resulted in decreased GSH concentrations, as has been recognized in G6PD-deficient hum a n~,~~ but catalase activity was normal. Perhaps catalase activity was being maintained through the action of reduced nicotinamide adenine dinucleotide. 18, 35 Catalase activity is normal in erythrocytes from G6PDdeficient humans, except following exposure to oxi-The presence of normal ATP and 2,3-DPG concentrations in erythrocytes from this colt suggested that no significant oxidative injury had occurred to rate-controlling reactions in glycolysis.
Like a small percentage of human cases of G6PD defi~iency,~ this colt had an anemia in the absence of infections or the administration of oxidant drugs. The consistent occurrence of eccentrocytes and pyknocytes in the peripheral blood suggests that the anemia resulted from erythrocyte injury by endogenous oxidants. Other terms used to refer to eccentrocytes include erythrocyte h e m i g h o~t s ,~~ irregularly contracted cells,I6 and cross-bonded erythrocytes. l These abnormal cells have been seen in blood from G6PD-deficient human patients with anemia triggered by infection a n d or exogenous oxidants and in humans with normal erythrocyte G6PD activities undergoing severe oxidative hemolysis caused by chemicals or drugs. L4,23,49,52,56 Fig. 6 . Scanning electron micrograph. Blood; normal horse. A normal erythrocyte (discocyte) has a concave smooth surface. Bar = 1.0 pm. Fig. 7 . Transmission electron micrograph. Blood; G6PD-deficient horse. Eccentrocyte has two projections caused by the plane of sectioning through its collapsed region and has greater electron density than the adjacent discocyte. The eccentrocyte also has a thin line of density about 0.2 pm from the cell's periphery. Bar = 0.5 pm. Eccentrocytes also have been reported to occur in horses and dogs exposed to exogenous idan ant^.^^,^^,^^,^^.^^ Although eccentrocyte formation is usually accompanied by Heinz body formation, the processes need not always occur together,26 as is evident in this case. Heinz bodies form as denatured hemoglobin precipitates into large aggregates, and eccentrocytes may form by the adhesion of opposing areas of the cytoplasmic face of the erythrocyte m e m b~a n e .~l -~~
The cross-bonding of erythrocyte membranes requires both an alteration in membrane skeletal proteins to make them adhesive and a force that will bring opposing sides of the membrane t~g e t h e r .~' .~~ It has been suggested that membranes can be brought together in vivo by osmotic shrinkage in the kidney and/or in squeezing through the micro~irculation.~~ Denatured spectrin dimers and tetramers might be of primary importance in the crossbonding of membranes. 1, 22 In membrane bridges of cross-bonded cells produced in vitro, the "gap between the bilayers appeared to be structured indicating a regular arrangement of cross-bonded When collapsed regions of this colt's eccentrocytes were examined via TEM, similar arrangements were not seen. The collapsed regions contained the homogeneous granularity of hemoglobin.
Eccentrocytes are rigid and spherocytic with intrinsic membrane alterations that make them susceptible to entrapment and removal by the mononuclear phagocytic system.I Intravascular hemolysis might result if cross-bonding occurs when erythrocytes are exposed to hypertonic conditions in the kidney, because the eccentrocytes would have reduced effective surface area and could lyse osmotically when isotonicity Abnormal calcium homeostasis4* and autologous antibodies on the cell s~rfacel.~l are believed to be important in oxidant-induced erythrocyte destruction or removal. These factors were not investigated in this colt.
The colt's anemia was most severe when the colt had a dermatitis. Because the colt had been given an antibiotic containing sulfamethoxazole, which is known to induce a hemolytic anemia in G6PD-deficient hum a n~,~ part of the hematologic abnormalities at 6 months of age may have been due to oxidant properties of the antibiotic compound. However, the anemia was more severe before the colt had received any form of treatment and persisted after withdrawal from treatments. These facts suggested that the initial severity of the colt's anemia was related to the inflammatory process involving the legs. Hemolytic episodes associated with infections are common problems in humans with a G6PD deficien~y.ll.~~ Persistent eccentrocytosis and pyknocytosis were considered major diagnostic features of the G6PD deficiency. Although we do not have documented data to support the hypothesis, the morphologic similarity of the dense spherical eccentric region of the eccentrocyte to the dense spherical pyknocyte suggests that the pyknocyte forms from the eccentrocyte or that the oxidative damage to the G6PD-deficient erythrocyte may result in eccentrocyte or pyknocyte formation. Pyknocytes (contracted red cells) also have been reported in drug-induced Heinz body anemia in h u m a n~~~,~~ and may be seen concurrently with spherocytes.17 The pyknocytes in this colt were spherocytic but were not classified as spherocytes because even the most spherocytic cells seen during SEM had pointed or flat projections, which were interpreted to be remnants of the collapsed regions of eccentrocytes.
Based on human data,a,33.36 the colt's increased erythrocyte activities of HK and PK and the high normal activities of PFK and 6PGD were considered to reflect increased concentrations of young erythrocytes. Other evidence of increased erythropoiesis included the increased number of Howell-Jolly bodies and macrocytosis. The colt's mean corpuscular volume (MCV) may not truly have reflected the degree of macrocytosis because the eccentrocytes and pyknocytes may have negated the effects of the young cells. After centrifugation of canine blood that was exposed to acetylphenylhydrazine, the bottom layer, which contained eccentrocytes, had lower MCV values (60 fl) and higher mean corpuscular hemoglobin concentration (MCHC) values (43 g/dl) when compared with values of whole blood (MCV = 68 fl, MCHC = 38 g/dl) and blood reduced in eccentrocyte content (MCV = 72 fl, MCHC = 37 g/d1). 26 Reticulocytosis is very rare in horses with either severe hemorrhagic or hemolytic anemias. 32 Erythrocytes deficient in G6PD activity are more sensitive to acetylphenylhydrazine than are normal erythrocytes. In humans, sensitive or G6PD-deficient erythrocytes tend to develop many small, round Heinz bodies, whereas nonsensitive or normal erythrocytes generally produce only one large Heinz body.' In our horse samples, sensitive erythrocytes from the G6PDdeficient colt had numerous small or tiny Heinz bodies (<O. 1 pm), which gave the cells a stippled appearance. The less sensitive normal erythrocytes generally had four to seven round Heinz bodies that were about 0.3-0.5 pm in diameter, but there was marked variation in size and number of Heinz bodies.
Methemoglobin concentration was marginally increased in the first of four samples collected in April, June, July, and August from the G6PD-deficient colt. The reason for the increased value was not determined, but the value was suspected to be erroneous. Samples from two normal horses were collected, shipped, and analyzed with the colt's questionable sample; both samples from normal horses had methemoglobin values <0.4% of total hemoglobin concentration. There was no other clinical or laboratory evidence that the colt had an oxidative challenge when the methemoglobinemic sample was collected.
In humans and mice, G6PD deficiency follows an X-linked inheritance pattern, and thus the defect is fully expressed in hemizygous males and homozygous females. Heterozygous females have two populations of erythrocytes: normal and deficient. Total G6PD activity in heterozygote females ranges from normal values to the values of hemizygote males because of lyoni z a t i~n .~,~~ The G6PD electrophoretic mobility results of interspecies hybrids (mule and hinny) indicate the G6PD gene is also X-linked in E q~i d a e .~~~~~ Assuming the colt obtained the defective G6PD gene from his dam, she would be heterozygous for the G6PD deficiency. Evidence of G6PD-deficient cells in her blood included presence of rare eccentrocytes and pyknocytes. Also, her blood had more stippled cells in the acetylphenylhydrazine challenge test than did samples from two normal horses. However, her total G6PD activity was decreased in one sample and within the normal range in two samples. Other methods of testing will be necessary to firmly establish that she is heterozygous for the G6PD deficiency.
The previous year's colt from the same dam died from an undiagnosed hemolytic anemia. At that time, neonatal isoerythrolysis was considered the most likely diagnosis. In retrospect, the colt may also have been G6PD deficient. Additional studies of this newly recognized hemolytic anemia of horses will include evaluation of blood from the colt's dam and other relatives. When a method of detecting the heterozygous state is established, study of the relatives of the G6PD-deficient colt should provide the incidence of this inheritable disorder in American Saddlebred horses.
